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GOMPARATIVE PEZRFORMANCE OF ENGINES USING A CARBURETOR,
MANIFOLD INJECTION, AND CYLINDER INJECTION

By Oscar W. Schey arnd J. Denny Clark
SUMMARY

The comparative performance was determined of engines
using three methods of mixing the fuel and the air: the
use of a cardburstor, manifold injJection, and cylinder in-
Jection. The tests were made of a single-cylinder engine
with a Wright 1820-G gir-cooled cylinder.

Each method of mixing the fuel and the air was inves-~
tigated over a range of fuel-air ratios from 0.10 to the
limit of stable operation and a2t engine speeds of 1,500
and 1,900 r.p.m. The comparative performance with a fuel-
alr ratlo of 0.08 was Iinvestigated for sgeeds from l ZOO
to 1,900 r.p.me.

The results show that the power obtained with each
method closely followed the volumetric efficliency; the
power was therefore the highest with cylinder injection
because this method had less manifold restriction. The
values of minimum specific fuel consumption obtalned with
each method of mixing of fuel and sair were the same. For
the same engine and cooling conditions, the cylinder tem-
peratures are the same regardless of the method used for
mixing the fuel and the air.

INTRODUGTION

Fuels for spark-ignition engines have been successfully
mixed with the air dy three methods: the use of the carbu-
retor, the use of g fuel~injection system injecting into
the manifold or into the impeller casing, and the use of &
fuel~injection system injecting dirsctly into the cylinder.
The carburetor has been extensively used in service bdbut

fuel—-injection systems have Dbeen used only on experimental
englnes.

¥
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Although there 1g an aburndance of performance data
avallable for each of these methods of mlxing the fuel and
the alr, it would be difficult to establish conclusively
the comparative performance from these data because of -
differences iIn test conditions and equipment. Several
years ago .the N.A.C.A. conducted an investigation on a_
single~cylinder engine uging & carburetor and a fuel sys—
tem injecting directly into the cylinder; the results
showed that about 8 pounds per square inch higher brake
mean effective pressure was obtained with the fuel-injec-
tion system than with the carburetor (reference 1), ZLater
tests on another engine of different bore and stroke dbut
using the same carburetor and fusl-injection system re-—
sulted in a difference of 'only 3 pouuds per square inch
brake mean effective pressure in 'favor ofthe fuel-
injection system (referercs 2). In the second series of
tests, the specific fuel consumption was less with the-
carburetsr than with the fusl~injection systenm.

As the data available had been ‘obtained for such a
large variation in ‘operating oconditions and for different
engines of the singlewcylinder and the nmulticylinder types,
the feairness. of a comparison of these data would always be
subject to question: ~Thersfore, in order to obtein more
conclusive data on the comparative performance .of the three
methods of mixing the fuel and the air, the Committee has
conducted further tests using each mothod on the same
single~cylinder air-cooled ‘engine, equipped wilth .a cylinder
of the latest design which had proved very satisfactory in
gservice, The necessary observations were made to estab-
lish the ‘comparative power output, the fuel consumption,
and the cylinder temperatures. : '

EQUIPMENT

Test Engine.~ 4 photograph of the single~cylinder en-
gine with some of the test equipment is shown in figure I.
A disgrammatic sketch showing the arrangement of the equlp-
ment is given in figure 2. The air-cooled four-stroke-
cycle spark-ignition engine used in this investigation had
a 6—1/8-inch bore, a 7-inch stroke, snd a 7.4 compression
ratio. (See roference 3.) . A Wright 1820-~G cylinder was
'usod, modified as shown in figure 3 by inserting a dushing
in the head for the injection valve.
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In the carburetor tests, a Stromberg RAL-5 carburetor
was used, which was modified by installing needle valves
in the main jets to regulate the fuel flow. When either
manifold or cylinder fuel injection was used, the cardu-
retor wasg replaced by 2 straight intake pipe .containing a
single butterfly valve for throttling the engine, in order
to avoid as much as possible penalizing the fuel-injection
performance with the pressure drop that occuPs in the car-~
buretor.

The manifold and the cylinder injection valves used
are shown in figure 4(a) and figure 4(b), respectively.
The manifold injection valve, developed by the Army Air
Corps, had an opening pressure of 300 pounds per square
inch and was centrally located in the intake pipe and
about 7 inches from the intake valve with the fuel spray
directed against the air stroam as recommended by the
Maotédriel Division (referenee 4). The cylinder injection
valve is an automatic spring-loaded type of N.A.C.A. de-
sign; it was set for a valve-opening pressurse of 2,000
pounds per square inch. The nozzle used with this injec-
tion valve has a slit opening and was assembled to direct
the fuel spray in a horizontal plane across the combustion
chamber. (See fig. 4(b).)

For Dboth' the manifold and the cylinder fuel- ingection
tests, a Compur fuel-injection pump was driven from the en-
gine crankshaft through a reduction gear that permitted
the timing of the injection to be changed. The injection
period of this pump varied from 55 to 100 crankshaft de-
grees depending upon the fuel quantity, the pump speed,
and the pump discharge pressure. ’

The engine intake was connected through a series of
surge tanks with thin rubber heads to a gasometer of 100-
cubic—~foot capacity of which 80 cubic feet were used for
measuring the air consumed by the engine. When the cardbu~
retor was used, one of the surge tanks was placed 8 inches
closer to the engine than when manifold or cylinder injec—
+ion was used, as shown in figure 2. - '

The cooling-air system consisted of an orifice tank
for measuring the guantity of cooling air supplied, a cen-
trifugal blower for forcing the air past the eylinder, two
30-kilowatt electric air heaters, ducts for conveying the
alr, and a jacket enclosing the cylinder. The jacket had
a wide entrance section giving a low alr velocity over the
front half of the eylinder; over the rear half, the Jacket
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fitted closely against the :fins so that .2 high air veloc-
1ty resulted. The exit opening was equal to 1.6 times the
free area betweenm the fins. The standard test-engine
equipment waa usged for meaquring torque, engine speed, and
fuel ‘consumption,

Inst;umenig.h;The cylinder temperaturee were measured
at the 34.points shown in figure 3, using iron-~constantan
thermocouples and a potentiometer. The thermocouples were
reened into holes drilled in the aluminum head and spot-
welded ‘to the steel barrel. Two sets of four iron~constan-
tan. thermocouples, cach get connectsd in series, were used
to measure the temperature of the exit cooling air. Two
sets. of two chromel-constantan thermocouples, each set
connected in series, were used to measure the temperature
of the. inlet cooling air.

" The temperatures of the room, the thermocouple cold’
Junction, the engine intake ailr, and the lubricating oil-:
out werse measured with .calibrated liquid~in~glasgs thermom-
eters. N

' Thc pressures in the orifice tank and at the cylinder-
Jacket inlet were meoasured with wgter manomocters.

A commercial mixture analyzer was used to obtain an
indication of the mixture strength supplied to the engine
and to facilitate ‘the adjustment of the. mixture. The fuel-
alr ratios were determined from the alr measurements and
the fuel weights. -

PRELIMINARY TESTS AND RESULTS

Injection into the Gyljnder.

Before the final tests with Fusel injected directly:
into the cylinder were made, many types of mozzles were
tried to determine which gave the best power and economy.’
The best valve-opening pressure and location were also de-
termined. In these preliminary tests, three fuel-injection
Punpg were btPried. "Although the results obtailned in the
preliminary tests to determine the bogt operating condi-
tions are not strictly comparadble, thoy are includod bo-
causo thoy contain usoful information.
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Selection of injection-valve location and nozzle for
best performance.~ In previous investigations with cylin-
der injection on -four-valve engines, the Dbest performance
was obtained with the injection-valve located between the
.two. exhaunst valves and with the fuel injected across the
cylinder toward the imcoming =ir. These investigations
also showed that very good performance could be obtalned
* with the valve centrally located in ‘the top of the cylin-
der head. Only two injection-valve locations were tried
on the two-valve cylinder used in these tests because Dpre-
- vious experience .indicated thzt, of the. few desirable posi-~
tions available, the two selected would probably be about
the best for this eylinder. 'One of these locations was
the ‘rear spark-plug opesilug and the ‘other was Jjust above
the steel eylinder barrel between the rear spark plug and
the intake port, as shown in- fipgure 3. ° The position'shown
in figure 3 -gave the better performsnce of the two posi-
tions tried and was therefore used in all’ the tests made
to determine ‘thé performance with fuel injection directly
~into the cylinder.

Several sizes of multlorifice and slit nozzles were
tried and a slit nozzle giving a fan-shaped spray was
chosen, With this nozzle and this valve location, the
spray was. directed horizontally across the combustion cham-
ber. The results of the tests of the various nozzles and
the two valve locations are shown in figure 5.

Selection of injection pump.~ In the selection of the
fuel-injection pump giving the best performance, the
Eclipse, the Compur, and the Bosch pumps were tried.

Tests of these pumps with the start of injection varied
from top center on the suction stroke to 100 érankshaft
degrees after bottom center showed that with the same
start of injection, for all practical purposes, the power
output of the engine was the same with each pump and. the
fuel consumption was slightly lower with the Bosch pump.
(See fig. 6.) & start of injection as late as 60° after
bottom center on the compression stroke showed only a small
decrease in power ‘and s small increass in fuel consumption
compared with the best start of injection; this condlition
is believed to pe dus to the fact that, with a tangential
inlet, an air flow conducive to a good mixing of the fuel
and the air persists late in the compression stroke. The
percentage of maximum power output obtained at a particu—
lar speed with s late start of injection for specific in-
jection~conditions may offer a means for determining the
relative turbulence obtained with different combustion
chambers.
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The results of the bench tests to determine the length
of the injection period and the rate of discherge for each
of these three puumps are_ shown in figure 7. The pump set-
ting, or the fuel quantity, was the same for the bench
tests as was used 1n the engine tests of figure 6. From
the results shown in figures 6 and 7, it is avpparent that
the length of injection period or the rate of discharge
may be apprecigbly varied without any measurable effect on
engine performance.

Selectlion of injection valvewopening pressure.- Tests
were magde with valve-opening pressures of 1,000, 2,000,
and 3,000 pounds per square inch, The power and the fusl
consumption obtained for these valve-opening pressures are
shown in figure 8, With early injection there is practi-
cally ao difference in power or fuel consumption; dut,
with very late injection, better results were obtained
with the higher injection pressures. With the start of
injection 60 to 70 crankshaft degrees after top center on
the suction stroke, the maximum power is the same rogard-
less of the injection pressure and the specific fuel con-
sumption is only 0.02 pound per brake horsepower-hour bet-—
ter with the highest injection pressure than with the mo-
dium or the low pressures. For the comparative tests, a
valve~opening pressure of 2,000 pounds per. square inch was
used bvecause excesasive loakage Dast the pump plunger was
obtainsd with 3,000 pounds per ‘square inch valve—~opeoning
Pressure.

Injection into the Manifold

Preliminary tests with menifold injection showed that
the brake mean effective pregsure was practically the same
regardless of the gtart of injection. In the comparative
tosts, injection was started 60 crankshaft degrees after
top center, as other tests conducted by the Army Air Corps
Hatériel Division showed that, with injoection started at
this voint, there was little condensing of the fuel on tho
walls of the manifold. No attempt was made to determlno
whether botter performance could be obtained with valvo-
oponing pressureg othor than 200 pounds per square inch or
with the injection wvalve in g different location.

Carburetor

No preliminary tosts with the carburoctor were consgid-—
ered necessary becauss in previous tests with the carbu-



NedhuCelho Technical Wote No. 688 7

retor on this engine (reference 3), high power and very
low fuel consumption were obtained.

' METHODS AND TESTS

The comparative performance with sach of the three
methods of mixing fuel with the air was determined at
1,500 and 1,900 r.vem. over & rangé of fuel-air ratios
from 0.10 to the 1limit of stable engine operation, and
.alsc over a range of engine speeds from 1,300 to 1,900
r.pem. at a fuel-alr ratio of 0.08. All tests were coln-
ducted with £ull open throttle. : o '

The spark timing was adjusted for each test condition
to give optimum engine performance, The welght of alr sup-
plicd to the engine for cooling wa s kept constant for all
tests.,

The friction of the engine wag detorminod ¥ motoring
i% at the engine speeds used in the power runs. -During
the friction runs, the lubricating oil and tho cooling air
were heated to meintain oil-out and cyllnder temperatures
of 160° F., and 250° F,, respectively. These temperatures
are approximgtely the average existing during the power
runs., -

The brake-power readings were corrected to standard
sea-level temperature and pressure at the englne intake on
the assumption that the engine power varled directly as
the pressure and inversely as the square Toot of the abso-
lute temperature. The indicated power was obtained by
adding the friction to the corrected brake readings.

Gasoline conforming to the Army specification 2-92,
grade 100 was used throughout the tests. With this fuel
there was no audible knock during any of the tests.

_ The various meoasurements made in this investigation
may be conslidered accurate within the following limits:

:Torque—SCale readings . . . . il percent

‘Fuel comsumption . . . . . + . O %o ~2 1/2 percent

&4ir consumption . . . . . . . #1 percent
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Cylinder temperatures: . » . . T2% F,
Inlet and outle}% cooling-ailr
temperatures « . .« «+ « .+ . x2° F,

Pressure drop across cylinder *1/10 inch of water
RESULTS AND DISCUSSION

Engine performance,— The comparative performances ob-
tained with the three methods of mixing of the fusél and
the air are shown in figures 9 and 10. Except &t low
speeds, the difference in mean effective pressure follows
the volumetric efficiency very closely. The highest mean
effective pressures are obtained with fuel injection into
the cylinder because more air is inducted. With the fuel
injected into the cylinder, the volumsetric efficiency in-
creases appreclably as the engline spced is increased com-
pared with a decrease in volumetric efficiency at sepoeds
over 1,600 r.p.m. when the carburetor is used. At 21,900
rvPe.Me, the volumetric efficiliency with fuel injected into
the cylinder is 92.5 percent compared with 86 percent with
the carburetor. ‘

That the volumetric efficiency should be lower wilth
fuel injection into the manifold than with injection into
the cylinder was unexpected. Furthermore, other tests at
1,500 r.p.m. when the carburetor wag used showed no meas-
urabvle difference in volumetric efficlency for condltions
with or without the manifold nozzle in place. Tests by
other investigators have shown that the volumetric effil-
ciency with manifold injection is the same when the fuel
spray is directed against or with the incoming air (refer-
ence 5), The lower volumetric efficiency wlth manifold
injection ig probably caused by an increased volume of"
charge created by vaporization of fuel in the manifold.
With manifold injection, the temperature of the charge
will be less owing to the vaporization of the fuel, and
therefore more heat will be absorbed as the charge passos
through the intake ports and the valves than with cylinder
injection. The fmct that the volumetric efficlency is
slightly lower with injoction into the manifold than with
the carburetor is probably due to-the difference in the
manifolding rather than to the method of mixing the fuol
and the air. It would be reasomable t0 expect that tho
volumotric efficlency with manifold Injection should be
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higher than with the carbursetor because the restriction
is less. _ B -

The increased charge that can be obtalned with fuel
injection into the ecylinder is an important advantage and
should be utilized to the maximum practical limit. TLarge
manifolds can obviously be used but the size of the intake
valves is limited by structural reguirements and by the
requirsment of sufficient velocity through the port %o
create the turbulence necessary in the mixing of fuel and -
air and to assist the propagation of the flame. The ve-
locity regquirement would apply only to slow—-speed engines
or to sleeve~valve engines having very large intake ports
or valve-openling areas, because the mpdern high~speed
.poppet-valve engines, even with very large intake valves,
obtain sufficient veloclity through the valves to give the
necessary turbulence. When manifold injection or a carbu-~
retor is used, higher manifold velocltles are necessary
to mix the fusel and theo alr and to provent separation and
condensation; these methods must therefore offer some ro—-
striction to the free flow of the air. When fuecl injec-
tion into the manifold is used, this restriction on a well-
proportioned induction system is less than with a carbu-—-
retor.. :

As shown in figure 10, the minimum specific fuel con-
sumption for each method of mixing of the fuel and the air
is the same. The engine equipped with a carduretor ran
more smoothly on a leaner mixture at all speeds than when
either of .the other methods of mixing was usged. The ocngine
oquipped with fuel injection into the manifold required
the richest mixture FTor smooth running. The difference in
mixture strength required for smooth operation with the
carburetor and with fuel injection into the cylinder was
less at low spesds than at high speeds.. :

Enzine cooling.- Equations have been derived (refer—
ence 6) in which the average head and barrel temperatures
of the cylinder are given as functions of the engine and
the cooling variables. Such equations make possible the
comparison of cooling data with widely different engine
and cooling conditions. The eguations may oe wrltten as
follows: E . _ o

-
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!

SN S — (barrel) ' (2)
Te ~ Ty (bpp/p )"
where

_ o
Ty, is the average cylinder~head temperature, F.

Ty, average cylinder-barrel temperature, °F,

T,, 1inlet temperature of the cooling air, °F,
T., ©offective gas -temperature, °F,

I, indicated horsepower (observed brake + friction).

Ap, ©pressure difference across cylinder, in. water.
(includes loss out oxit of jacket).

P, density of cooling air at inlet of jacket,
1b. ft.”*% sec.2

o' Standard density (taken as corresponging to
29,92 in. Hg and 60° F.), 1b. £ft.”" gec.®

n'! and m, eXponents.
K, and Kz, constants,

In goneral, the value of n' is approximately twice
that of m and therefore the temperature ratios of equa-
tions (1) and (2) vary as the ratio of the square of the
indicated horsepower to the pressure differsence across the
cylinder. The value of Tg varies with fuel-~air ratio,

manifold temperature, and spark timing; dut, for normal
operating conditions, & value of 1,150° F, for the head
and 600° F, for the barrel may be assumed (refersnce 6).

The temperature ratios for the. head gnd the barrel
are shown plotted in figure 11 against I /(APP/PO)- The

curves are for tests made over a range of englne svocds
with each fuel system, fuel-air ratlo being constant at
0.08, These curves show that the cylindor-~tomperature data
for the thrce methods of supplying fuel to the ongine fall
on a single curve which indicates that, for the same engine
and cooling conditions, the tempverature for all three meth-
ods will be the same.
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The curves in figure 11 provide approximate equations
for the solving of the values of Tg from the cylinder—

temperature data taken in the tests made over a range of
fuel-~air ratios with sach system. These equations are!

' App/p NPT
T, = 26.05 (Ty = Tg) <——E?—2 lem @)
for the head and
(drp/p \f'2°-
Tg = 18.5 (T = T) 7 ) * Ty (4)

for the barrsl.

The values of Ty, as obtained from these app:oximaﬁe

equations provide not only a convenient check on the assumed

velues of Tg used in the calgulations for figure 11 hut._

also determine whether the effeciive gas'temperature is
different for the three methods of mixing the fuel and the
alr, TVWhen %the calculated values of Tg are plotted

against fuel=air ratio for the three fuel gystems at engine
speods of 1,500 and 1,900 r.p.m. (fig. 12), the data fall
around a single curve. At fuel-air ratios less than 0,06,
the data are somewhat scattered and cannot he considered
a8 reliable becauso, although the engine continued to run
steadily on wvery lean mixitures, somoc of the exXplosions
wore wogker than others. . Thus the curves of figure 12
show that, for the range of fuel-air ratios tested, the
cylinder temperatures will again be the ssame when the en-—
gine and the cooling conditions are the same regardless of
‘the method used for mizxing thse fuel and the ailr.

Selection of system for mixing fuel and air.- Although
these tests indicate practically no difference in perform—
ance with sach of the three nethods of mixing the fuel and
the air except for the gain in vower at high speeds with
fuel injection into the cecylinder, other important factors
govern the selection of a fuel system. When a less vola-
tile fuel, such as "safety fuel," is used, the carburetor
would be unsatisfactory and the best porformance would be
obtained by direct injection into the cylinder. _When an
engine is opecrated with valve overlap, fusel inJection into
the cylinder must be employed or else some fuel will be
wasted in scavenging tho clearance volume. With fuel in-
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jected into the cylinder, no -difficulty should be experi-
enced with lcing. ' - - -

Other important differences in performance are ob-
tained when the different systems of mixing the fuel and
the alr are used but, although these differences are fa-
vorable to the fuel~injection system, they have not dbeen
considered of sufficient importance to warrant its adoption.
For insbtance, %ests on multicylinder engines have shown
that better starting, acceleration, and maneuverability
can be odbtained with fuel injection. Well-~designed fuel-
inJection systems give almost perfect distridutlion of fuel
between cylinders. At engine speedg between 2,000 and
3,000 r.p.m., the varietion in distribution at full load
and part load is less than 1 percent (reference 4). This
variation 1s slightly better than that odbtained with a
carburetor on a radial engine (reference 7) and should be
apprecliably better than the distridution o6n in-line en-
gines equipped with carburetors. Eliminating the fuel-~
digtribution problem in manifold design would be very de-
sirable, especially on in-~line engines.

CONCLUSIONS

l. The power output for each of..the three methods of
mixing the fuel and the sir follows thoe volumetric effi-
clency closely and is appreciadly higher with fuel injec—
tion into the cylinder than with a carburetor or manifold
injection. The cgrburetor offers some restriction to the
flow of air; whereas, with fuel injection into the cylin-~
der, very large intake ports and menifold may be used to
advantage.

2. For the range of fuel-alr ratios from 0.10 to
about 0.06, the minimum specific fuel consumption 1s the
same for each of the threo methods of air-fuel mixing
triod. The engine equipped with a carburotor runs smooth-
ly on the leanest mixture, its porformance being slightly
better than with fuel injection into the cylinder and con-
slderadly better than with manifold injoction.’

3+ TFor the same power output and cooling conditions,
thoe cylindor tomperatures obtained with ocach method of
mixing of the fuel and the air are tho same.

Langley Memorial Aeronautvcal Ladoratory ;-
Hational Advisory Committee for Aoronautics,
Langley Field, Va., Januvary 12, 1939.
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